Chromatographically distinct isoacceptors of leucyl-tRNA from mature bean leaves were all observed to hybridize with bean chloroplast and nuclear DNA in a ratio similar to that exhibited by the unfractionated leucyl-tRNA. Under the same hybridization conditions, maize tRNA failed to form a stable hybrid with bean DNA, and levels of hybridization -between bean-leaf leucyltRNA and nuclear or chloroplast DNAs from tobacco and maize were relatively small.
The existence of tRNAs in chloroplasts (1) (2) (3) and in mitochondria (4-6) has been established for a number of organisms, although the site of transcription for these tRNAs was not determined. In a previous report from this laboratory (7) , it was noted that unfractionated tRNALeU from mature bean leaves hybridized with both cDNA (chloroplast DNA) and with nDNA (nuclear DNA), thereby suggesting that the chloroplast genome serves as a potential site for tRNA transcription. The purpose of the investigation described below was to assess the potential roles of bean cDNA and nDNA as template sites for the synthesis of each of the tRNALeU isoacceptors known for this tissue. In addition, a brief examination of the sequence relationships between bean-leaf tRNALeU and the chloroplast and nuclear DNAs from other higher plants, as judged by the hybridization technique, is described.
MATERIALS AND METHODS
Transfer RNA was purified from green-leaf tissue by modifications of the techniques described by Kirby (8) . Laminar tissue was suspended in 1.2 volumes of 0.5% disodium naphthalene-1,5-disulfonate containing 0.01 M MgCl2 after it was pulverized in liquid nitrogen and was homogenized thoroughly in the presence of an equal volume of phenol-cresol solution.
The mixture was stirred 20 mim at room temperature and centrifuged. The aqueous layer was made to 5% (w/v) sodium triisopropylnaphthalenedisulfonate and extracted with onehalf volume of phenol-cresol solution. After centrifugation, the following were added per 100 ml of aqueous solution: 3 g of NaCl + 20 g of sodium benzoate, followed by 40 ml of mcresol after the salts dissolved. The mixture was stirred briefly and centrifuged. The entire supernatant was made 0.4 M with respect to KCl and centrifuged again. The supernatant was mixed with 2.5 volumes of ethanol and stored overnight at -20°. After centrifugation, the drained pellet was suspended in 3.0 M potassium acetate (pH 6.0), containing 0.01 M MgCl2 and 1 mM EDTA, and was stored overnight at -20°. The supernatant obtained upon centrifugation was passed over a Biogel P4 column equilibrated with 2 mM potassium acetate (pH 6.0) containing 0.01 M MgCl2 and 1 mM EDTA. The tRNA recovered was put on a DEAE-cellulose column, and the fraction eluted between 0.35 M and 0.80 M KCl (containing 0.01 M MgCl2) was desalted by gel filtration as above. The purified tRNA was stored at -20°.
Crude aminoacyl-tRNA synthetase was prepared from etiolated or green leaves by the method of Barnett and Jacobson (9) , except that sucrose was omitted from the grinding medium and the dialysis steps were replaced by gel filtration. The resultant crude synthetase (15- 20 mg of protein per ml) was stored at -20°.
[3H]Leucyl-tRNA was routinely prepared in reaction mixtures which contained, in a final volume of 0.50 ml: bean-leaf synthetase (0. 15 Highly purified intact nuclei and chloroplasts were prepared from mature leaf tissue by the combined differential and density gradient centrifugation procedure of Kuehl (11) with the following modifications: the leaves were infiltrated and homogenized in Honda medium (12) containing 4 mM n-octanol, the crude brei was also filtered through two and four layers of Miracloth, and the 25 X g centrifugation was omitted. After centrifugation at 72,000 X g, the chloroplasts were found at the top of the discontinuous sucrose gradient and the nuclei were at the solution interface. The chloroplast layer was lifted off with a spatula and suspended in 0.2 M sucrose containing 0.01 M Tris-HCl (pH 7.8 at 40), 2 mM CaCl2, and 4 mM n-octanol. The suspension was made 4% with respect to Triton X-100, mixed at room temperature, and centrifuged. Before extraction of the cDNA from the resultant supernatant, it was carefully examined for the presence of nuclear material after it was strained with methyl green, and was discarded if any visible traces of such contamination were observed. Intact nuclei were recovered from the interface of the same gradient by the method of Kuehl (11) after the chloroplast layer was removed and most of the upper sucrose solution was discarded. Acceptable nuclear preparations contained at least four to five intact nuclei for each chloroplast or chloroplast fragment observed. DNA was extracted from both fractions by the procedure of Whitfeld and Spencer (12) except that sodium dodecyl sarcosinate was used in place of sodium dodecyl sulfate and the DNA was precipitated with 0.8 volume of 2-ethoxyethanol in place of ethanol.
DNA filters were prepared according to the method of (14) . In most instances (as noted), the latter procedure was modified to include an incubation for 1 hr at 330 after hybridization as follows: After hybridization, the DNA filters were pooled in a warmed wash solution (10 ml per filter) containing 0.30 M NaCl-0.030 M Na citrate (pH 4.3) in either 50% or 80% formamide after they were rinsed several times in a similar solution. After this incubation, the filters were rinsed with 0.30 M NaCl-0.030 M Na citrate (pH 4.3) and subjected to the regular wash (including T, ribonuclease treatment) described by Weiss et al. (14) . The dried filters were counted in a scintillation spectrometer for time intervals appropriate to the level of activity. The incubation after hybridization reduced the background levels observed with blank filters by 3-to 10-fold and, in some cases (depending on the formamide concentration used), notably enhanced the selectivity of the hybridization procedure. Hybridization conditions and tRNAs used were the same in each of the two hybridization steps as those described in Table 1 , except that the input tRNA (in each step) was 16.7 ,ug/ml.
Gillespie and Spiegelman (13). Unless noted otherwise, filters
The wash after hybridization is described in Method& Hybridization conditions were the same as described in Table 1 (14) noted that the brief annealing period used (in order to preserve the acyl bond) results in incomplete hybridization in the sense that not all the DNA is saturated. Extrapolations (or doublereciprocal plots) of these data indicate maximum potential hybrid levels of 12,400 cpm (or 0.0385,4g of tRNALeU) with 100 jig of cDNA and 482 cpm (or 0.00150 Mg of tRNALeU) with 100 ,ug of nDNA. These results serve to emphasize the need for highly purified preparations of these DNAs, since only 4% contamination from cDNA in the nDNA (a level considerably below the usual limits of detection by base analysis or buoyant density profiles on CsCl gradients) would result in a doubling of the hybrid level observed with nDNA. The DNAs used in this study were judged free from significant cross-contamination since further purification of the source organelles (chloroplasts or nuclei) failed to alter the observed levels of hybridiza- Further analysis of the data in Table 1 showed that halfmaximal levels of hybridization were observed at tRNA input values of 23 and 13 ,g/ml for cDNA and nDNA, respectively.
The fact that these two values differ suggests that either (1) the tRNALeU population is heterogeneous, including a fraction that hybridizes solely with nDNA, or (2) some species of tRNAL8U exhibit less affinity for cDNA (possibly as a result of imperfect complementarity) than for nDNA. Also, as a result of this difference, it is not possible to directly compare hybridization values with cDNA and nDNA at the same tRNA input level with a high degree of accuracy. However at 16.7 ug of tRNA per ml, the ratio of hybrid formation between the two is -20:1 (cDNA:nDNA) and this value approaches N E FRACTION NUJMBER FIG. 1 . Separation of bean-leaf leucyl-tRNAs by chromatography on a reversed-phase column (240 X 0.9 cm) with a linear salt gradient of NaCl from 0.36 (1000 ml) to 0.58 M (1000 ml) in 0.01 M sodium citrate (pH 4.5) containing 0.01 M MgC12. The column was developed at 160 with a flow rate of 1.45 ml/min. The 10-ml fractions were cooled to 40, and 0.1-ml aliquots were analyzed immediately for [3H]leucyl-tRNA by the filter-paper disc method of Barnett and Jacobson (9) . Fractions indicated by hatch lines were pooled and concentrated for hybridization studies.
Proc. Nat. Acad. Sci. USA 70 (1978) tRNA Isoacceptor Hybridization 3501 25:1, the ratio calculated at maximal hybridization, as the tRNA level is increased. In this study, direct comparisons of hybridization levels between the two DNAs were generally made at input levels of 16.7 /Ag of tRNA per ml or higher.
The apparent ability of unfractionated maize tRNA to act as a competitor with bean tRNALeU for sites on both bean DNAs in the presence of 50% formamide (see Table 1 ) led to studies designed to increase the selectivity of the hybridization technique. The 1-hr wash after hybridization (see Methods) in 50% formamide did not significantly reduce the observed hybrid level in the homologous bean system (Table  2) , and 80% of the hybrid survived a similar wash in 80% formamide; this degree of stability was observed for homologous hybrids involving either bean nDNA or bean cDNA.
When the washing procedure was tested with maize tRNA as a sequential competitor, it was found ( Table 3 ) that a significant portion of the maize tRNA "bound" during a preliminary hybridization remained after a 50% formamide wash and thereby reduced the amount of hybrid subsequently observed with bean tRNALOU. In contrast, however, an 80% formamide wash removed all of the competing maize tRNA. Thus it was concluded that the 80% formamide wash significantly enhanced the selectivity of the hybridization procedure, and this modification was used in all subsequent experiments. Further, under these more stringent conditions, maize tRNA is not sufficiently complementary with either bean cDNA or bean nDNA to form a stable hybrid. Table 4 shows the results of hybridization experiments using bean tRNALeU with both cDNAs and nDNAs from tobacco and maize. Although they were considerably below those detected with the homologous bean DNAs, the two heterologous nDNAs were observed to hybridize to a relatively greater extent with bean tRNALeU than the corresponding cDNAs.
The somewhat higher levels of hybrid formation between bean tRNALeu and the tobacco DNAs may reflect the closer phylogenetic relationship between these two dicotyledonous plants than presumably exists between bean and the monocotyledon, maize. No significant hybrid was detected between bean-leaf tRNALeU and calf-thymus DNA and, clearly, a relatively high level of discrimination against both nDNA and cDNA from other plant species was maintained.
The separation of tRNALeU isoacceptors by reversed-phase column chromatography is shown in Fig. 1 . The fractions indicated by shading were pooled and concentrated for hybridization studies.
Fractions 119-133, 168-179, and 184-195 were of particular interest since these acceptors increase preferentially during leaf "greening" and chloroplast development (although they are present at all stages of leaf development) and, also, they are acylated specifically by one of the two leucyl-tRNA synthetases known to be present in the leaf tissue (unpublished data of G. R. Williams and A. S. Williams). Table 5 shows representative data for the hybridization of each of these with bean-leaf cDNA and nDNA (using the 80% formamide wash). Similar hybridization experiments were carried out with the other tRNALeU isoacceptors, and the average hybrid ratio obtained by testing each of the seven fractions with bean-leaf cDNA and nDNA at three different tRNA input levels is listed in Table 6 . In all cases, significant hybridization was observed with both cDNA and nDNA, and the average hybrid ratios (ranging from 13:1 to 22:1) did not vary to any large degree from that obtained with unfractionated tRNALeU.
Apparently, although the conditions for hybridization were sufficiently stringent to greatly reduce or completely eliminate heterologous hybrids between the plant species tested, both cDNA and nDNA in the bean leaf possess nucleotide sequences that are sufficiently similar to all of the bean tRNALeU isoacceptors that hybridization is possible with each.
These results bear some similarity to those of Tewari and Wildman (15) , who found that tobacco-chloroplast ribosomal RNA hybridized with both cDNA and nDNA from tobacco leaves. However, they did not find that cytoplasmic ribosomal RNA formed significant hybrids with cDNA. In contrast, we find complementary sequences for all cellular tRNALeU in the cDNA of bean and, although our data suggest that the complementarity may not be perfect in all cases, the conditions of hybridization were deomonstrated to be sufficiently stringent to reject nonspecific hybrids.
Thus it may be concluded, with respect to the DNA nucleotide sequences involved in this study, that the chloroplast and nuclear DNAs of the bean-leaf tissues bear a far greater similarity to one another than either does to the chloroplast and nuclear DNAs of tobacco or maize. The origin of this similarity, whether through some common ancestral DNA as mentioned by Tewari and Wildman (15) or though some subsequent exchange of genetic material, is not obvious. However, our data suggest that species specificity is preserved in both genomes of the leaf cell.
